Radiation-induced lymphopenia (RIL) is associated with treatment of different tumors (lung, colon, pancreas, breast, sarcomas, and glioblastoma). It is a significant clinical problem affecting the survival of cancer patients. The biologic mechanisms leading to RIL are not clearly understood. In this study, we established a mouse model of RIL representing therapeutic clinical regimen for lung cancer. Flow cytometry was used to analyze circulating levels of T and B cells and bone marrow (BM) stem cells. We found that fractionated radiation to the thorax significantly reduced circulating T and B cells as well as BM stem cells. Ex-vivo irradiation of blood and autologous reinjection to mice also significantly induced lymphopenia. Furthermore, we found that mobilization of stem cells from the BM and autologous stem cell transplant rescued RIL in mice. Overall, our results suggest that RIL has not only direct effect on circulating lymphocytes, but also has indirect effect on circulating lymphocytes as well as stem cells in the nonirradiated BM. These results open a new window for investigating the direct and indirect biologic mechanisms leading to RIL, and provide a preclinical basis to test the effect of stem cell transplantation for treatment of RIL in cancer patients. Cancer
Introduction
Radiotherapy is an integral part of lung cancer management (1) . Despite significant advances in radiotherapy, normal tissue toxicity remains to be a significant side effect to patients undergoing radiotherapy. Radiotherapy was shown to decrease patients total lymphocyte counts to fall below 1,000/mL, a condition known as radiation-induced lymphopenia (RIL; ref. 2) . RIL is frequently observed in cancer patients undergoing radiotherapy to various sites, including brain, thorax, abdomen, and pelvis (2) (3) (4) (5) . Recent clinical data indicate that RIL was associated with poor clinical outcome in patients with carcinomas of the lung, colon, pancreas, breast, sarcomas, and glioblastoma (2) (3) (4) 6) . The biologic mechanisms causing the development of RIL are not clearly understood. Given the extensive use of radiotherapy to treat cancer, there is a pressing need to understand the mechanisms involved in RIL, and to translate our understanding into novel therapeutic strategies to prevent and treat RIL.
In this study, we hypothesized that radiation not only has a direct effect on circulating lymphocytes, but also has an indirect effect on hematopoietic stem cells in the bone marrow (BM), which affects the development of T cells for prolonged periods.
Materials and Methods
Reagents and antibodies AMD3100 (Sigma Aldrich), all antibodies for flow cytometry were from BD Biosciences. CountBrite beads were from Invitrogen.
Mice irradiations
All studies were performed in accordance with the guidelines of the Institutional Animal Care and Use Committee and in accordance with protocols approved by the Washington University Division of Comparative Medicine. Six-to 8-week-old female C57BL/6 mice were obtained from Harlan laboratories. Mice were anesthetized with 2% isoflurane prior to partial body irradiations to the thorax by shielding other parts of the body with lead (2 Gy/day for 5 days). In some experiments, 200 mL of blood was drawn from mice, irradiated with one dose of 8 Gy ex vivo, and reinjected back to the respective mice. Mice and blood were irradiated using RS-2000 (Rad Source) irradiator at a dose rate of 1 Gy/min with 160 kVp X rays.
Mobilization of stem cells
AMD3100 (0 or 20 mg/Kg) was injected subcutaneously into mice and 4 hours later blood was drawn and peripheral blood mononuclear cells (PBMC) were harvested and cryopreserved. Peripheral blood was collected from each mouse before initiating any treatment and referred as baseline. PBMCs were injected to the mice after irradiation, and the levels of circulating lymphocytes were analyzed at different time points after injection.
Flow cytometry
PBMCs were isolated from mice blood after various treatments and stained with anti-CD3, CD4, CD8, CD19, and CD34 antibodies. BM mononuclear cells were also harvested from mouse femurs by flushing them with 1 mL of PBS and later stained with anti-CD34 antibodies. Cells were analyzed by MACSQuant Analyzer flow cytometer (Miltenyi Biotec) and data analyzed with FlowJo software (Tree Star Inc.). The cell counts were normalized to counting beads counts that were spiked in samples.
Statistical analyses
All pair-wise comparisons between treatment groups were performed using the t test or ANOVA. A P value of <0.05 was considered statistically significant.
Results and Discussion
RIL is associated with treatment of many tumors (lung, colon, pancreas, breast, sarcomas, and glioblastoma) and associated with poor clinical outcomes (2, 3, 5, 6) . The biologic mechanisms leading to RIL are not clearly understood. T-cell renewal occurs approximately every 60 to 90 days (2, 5) . If the effect of radiation was only on circulating lymphocytes, and assuming that all circulating T cells were destroyed by irradiation, lymphopenia should not be observed for more than 90 days. Prolonged RIL is however observed in patients for more than 6 to 12 months after irradiation (2) . This led us to speculate that apart from circulating lymphocytes, radiation could also affect stem cells in the BM that primarily replenishes the lymphocytes. Furthermore, RIL was observed in patients even when radiation was administered to partial fields that did not include the BM (2). Therefore, we hypothesized that radiation has an indirect effect on the stem cells in the BM, leading to prolonged RIL.
To establish a mouse model of RIL representing lung cancer patients undergoing radiotherapy, we partially irradiated the mice in the thorax region with 2 Gy/day for 5 days (a total of 10 Gy). We then analyzed the number of circulating T cells (CD3 þ ) and B cells (CD19 þ ) in peripheral blood, as well as hematopoietic stem cells (CD34 þ ) in the BM from the femurs, which were not directly exposed to irradiation, as shown in Fig. 1A and B. We found that the levels of T and B cells after the course of irradiation dropped to less than 5% of the baseline value before irradiation (Fig. 1A) . These data from the mouse model are closest to RIL that is observed in lung cancer patients undergoing radiotherapy in the clinic. We used this mouse model of RIL to test our hypothesis that radiation has an indirect effect on the BM. We found that partial irradiation to the thorax region significantly reduced the population of CD34 þ hematopoietic stem cells in the BM from the femurs that were not in the radiation field (Fig. 1B) . These data support our hypothesis and provide a direct evidence that irradiation has an indirect effect on the stem cells in the BM. In addition, we hypothesized that similar to stem cells in the BM; irradiation may not only have a direct effect, but also an indirect effect on the survival of circulating lymphocytes. To test this hypothesis, we drew around 10% of the mouse blood (200 mL of approximately 2 mL total blood in the mouse), irradiated it ex vivo with 8 Gy, and injected the irradiated blood back to the respective mice. Twenty-four hours after irradiation/ injection, we analyzed the number of circulating lymphocytes (Fig. 1C) . Irradiating the blood with 8 Gy is sufficient to kill all the lymphocytes. If irradiation only induced direct cell death in lymphocytes, we should expect about 10% reduction in lymphocyte population; however, we found that T cells and B cells decreased by 70% and 55%, respectively (Fig. 1C) . These results indicate that irradiation of a small volume of the blood is sufficient to induce cell death indirectly in circulating lymphocytes. Altogether, these results support our proposed model (Fig. 2 ) that irradiation induces lymphopenia through not only a direct effect on circulating lymphocytes, but also through indirect effect on circulating lymphocytes as well as an indirect effect on stem cells in the nonirradiated BM. Recently, induction of galectin-1 from cancer cells after irradiation has been shown to cause lymphopenia in mice (7) . Similarly cytokines IL15 and IL7 were implicated to play a role in compensating lymphopenia induced by HIV infection and chemotherapy. However, IL15 and IL7 did not compensate lymphopenia induced by radiation (8) . Therefore, more investigation is required to identify mechanisms involved in RIL.
Based on our observation that radiation reduces stem cell population in BM even if the BM was not directly in the radiation field, we hypothesized that autologous stem cell transplantation will rescue the mice from RIL. To test this hypothesis, we mobilized hematopoietic stem cells from the BM into circulation by administering AMD3100, a CXCR4 inhibitor (Fig. 3A) . We found the levels of CD34 þ cells, 4 hours post AMD3100 injection, increased 3-fold compared with base line levels (Fig. 3A) . These results are similar to our previous observation that stem cells can be mobilized from the BM to the peripheral blood with the same kinetics in cancer models (9) . We collected PBMCs from untreated and AMD3100 treated mice and cryopreserved them. The mice were allowed to recover for 2 weeks prior to irradiating the thorax region with 2 Gy/day for 5 days to induce RIL (Fig. 1A) . The cryopreserved PBMCs were thawed and autologously reinfused into the respective mice via tail vein (as described in Fig. 3B ). We found that the mice that received stem cell-enriched PBMCs recovered faster from RIL than the mice that received just PBMCs. The levels of CD3 þ , CD4
þ , and CD8 þ T cells, as well as CD19 þ B cells recovered faster in the animals that received autologous stem cell transfusion (Fig. 3C) . Overall, these results strengthen our idea and open new opportunities to investigate the direct and indirect biologic mechanism(s) of radiation damage to lymphocytes and stem cells in the peripheral blood and in the BM. This could provide a preclinical basis for future clinical trials to test the effect of autologous stem cell transplantation for prevention of RIL in cancer patients. 
Disclosure of Potential Conflicts of Interest

